We searched for precursive soft X-ray flashes (SXFs) associated with optically-discovered classical or recurrent novae in the data of five-years all-sky observations with Gas Slit Camera (GSC) of the Monitor of All-sky X-ray Image (MAXI). We first developed a tool to measure fluxes of point sources by fitting the event distribution with the model that incorporates the point-spread function (PSF-fit) to minimize the potential contamination from nearby sources.
Introduction
Both classical and recurrent novae are triggered by thermonuclear runaways, which last for ∼100 s at the surface of white dwarfs. Subsequently, the optical flux increases by 6 or more magnitudes, followed by an eventual decline to quiescence (Warner 1995) . At the time of thermonuclear runaways, an emission in the ultraviolet to soft X-ray bands that lasts for only a few hours is predicted and is called "fireball phase" (Starrfield et al. 2008; Krautter 2008) . The fireball phase is predicted to happen a few days before the beginning of the optical nova phase, although it has not been detected yet from any nova system.
In fact, MAXI/GSC did discover an extraordinarily luminous soft X-ray flash (SXF) MAXI J0158−744 (Li et al. 2012; Morii et al. 2013) . The MAXI J0158−744 system was considered to be in the fireball phase, although there was no association with a usual classical/recurrent nova. This SXF is characterized with a soft X-ray spectrum, a short duration (∆T d ; 1.3 × 10 3 s < ∆T d < 1.10 × 10 4 s), a rapid rise (< 5.5 × 10 3 s), and a huge peak luminosity of 2 × 10 40 erg s −1 in the 0.7 − 7.0 keV band. Although the characteristics of this flash are very different from those of usual novae, the soft X-ray emission was successfully interpreted as the fireball phase of a new kind of novae on a very massive white dwarf (Morii et al. 2013) . Indeed, this hypothesis was further supported with a detailed simulation performed by Ohtani, Morii & Shigeyama (2014) . The soft X-ray emission during the fireball phase is a photospheric emission, and accordingly, the spectral shape is basically a blackbody. Morii et al. (2013) also concluded that the small increase in the flux observed in the optical counterpart of MAXI J0158−744 did not originate from a photospheric emission as usual novae, but is due to the emission from the disk around the Be companion star, which is a reprocess, originated from the photospheric soft X-ray emission. Now, unlike MAXI J0158−744, the companion star in the white-dwarf binaries that generate novae is in general not a Be star. Then, it is unlikely any detectable increase in the optical flux would occur during SXF of a nova, where the companion star is not a Be star.
2
It has been argued in many theoretical studies that white dwarfs can acquire a mass close to or over the Chandrasekhar limit via differential rotation (e.g. Yoon & Langer (2004) and Hachisu et al. (2012) ) or strong internal magnetic fields (e.g. Das & Mukhopadhyay (2012) and Franzon & Schramm (2015) ). However, the theoretical works have not caught up with the observational discovery of the new type of nova from a very massive white dwarf (MAXI J0158−477; Morii et al. (2013) ). At the same time, we need more observational samples to study and understand the phenomenon and its background science. Here we present the result of the systematic search for nova explosions from very massive white dwarfs.
In this paper, we perform the systematic search for the fireball phase emission in the soft X-ray band for usual classical/recurrent novae, using the association of optically discovered novae as predicted by Starrfield et al. (2008) and Krautter (2008) . We should note that the SXF without optical-nova phase like MAXI J0158−744 are out of our samples and hence would not be detected in this search. However, intermediate objects that possess both the fireball phase with a SXF emission and a optical nova phase are expected to be found, if such objects are actually present.
Observation and Analysis
MAXI (Monitor of All-sky X-ray Image; Matsuoka et al. 2009 ) is an all-sky X-ray monitor, which is operated on the Japanese Experiment Module (KIBO) on the International Space Station (ISS). MAXI carries Gas Slit Camera (GSC; Mihara et al. 2011; Sugizaki et al. 2011) , which scans the almost entire sky every ∼ 92 minutes through the long and narrow fields of view (FoVs) of 1.
• 5×160
• . The scan duration for a point source is 40 − 150 s (Sugizaki et al. 2011) . GSC with its gas proportional counters is sensitive for 2 − 30 keV. From the start of the operation on 2009 August 15 up to the present day, GSC has almost continuously monitored the whole sky. All the data have been stored in Japan Aerospace Exploration Agency (JAXA) and Institute of Physical and Chemical Research (RIKEN). and Central Bureau Electronic Telegrams (CBET). MAXI/GSC observed these fields of the sky at the period of the discovery in the optical wavelength. Accordingly, MAXI/GSC can search the precursive activity in the X-ray band for these novae.
We started the data analysis from the event data of MAXI/GSC stored in every day and every camera in the fits format. For every source, we extracted events from a circular sky region centered on the target with a radius of 8 • , using mxextract. We also calculated the time variation of the effective area in every 1 s for the point source determined by slat-slit collimator of MAXI/GSC, using mxscancur. We made good time intervals (GTIs) to include this duration and to remove the duration when the counter was off. We also removed the scans during which the solar paddle of the ISS obscured the FoV of the GSC counter. The selected event data in fits format were converted to root 1 format to enhance visualization of the data. For every scan, we measured the flux of the target in the unit of counts s −1 cm −2 in the 2 − 4 keV band, using the tool named "PSF-fit". The details of the "PSF-fit" are described in Appendix 1. The spectrum file and the corresponding response file were made for every scan by using xselect and mxgrmfgen, respectively.
We made the light curves of the sources listed in Table 1 in every GSC scan, using the PSF-fit tool from t d − 50 d to t d + 50 d, where t d is the time, when each nova was discovered in the optical wavelength. We also calculated the upper limits for the fluxes in 90% confidence level (C.L.) for the scans with non-detection, using the same tool.
Results
For every nova listed in Table 2 , no significant precursive SXF was found at more than 3σ level during the period between t d − 10d and t d . Note that in this table, U Sco, V1310 Sco, V5666 Sgr and V745 Sco listed in Table 1 are removed due to the following reasons. U Sco is removed due to the occasional contamination of the tail of the PSF of Sco X-1. Although the angular distance between them is not so small (2.4 deg), Sco X-1 is the brightest X-ray source in the entire sky (∼ 10 Crab), then the contamination becomes sometimes severe. V1310 Sco is also removed due to the contamination of the nearby bright source GX 349+2, which is 0.8 deg apart from V1310 Sco. For V5666 Sgr and V745 Sco, there was no GTI of GSC scans during the searched periods.
We then calculated the 90%C.L. upper limit for the fluxes in every scan for the sources in the unit of counts s −1 cm −2 in the 2 − 4 keV band (Table 2) . Since the expected times of the SXFs are unknown, the upper limits given in the table are the averaged values for all the scans between t d − 10d
and t d , as well as the minimum and maximum. From these averaged flux upper-limits, we calculated the upper limits for bolometric luminosity of the sources, using the interstellar absorption N H and the distance (Table 2) , and assuming the temperature of blackbody spectrum for the fireball-phase emission. Figure 1 shows the derived upper limits. Table 2 ). In the conversion from the observed GSC flux in the 2 − 4 keV band (counts s −1 cm −2 ) to the unabsorbed bolometric luminosity (erg s −1 ), a blackbody spectrum is assumed, and the interstellar absorption NH and distance listed in Table 2 are used. For the sources with unknown distance, we assumed 5 kpc as a typical distance for Galactic sources. The upper limits for the sources with known and unknown distances are shown in black and green lines, respectively. Horizontal and vertical axes are the temperature of blackbody assumed in the flux conversion in the units of keV and logarithm of bolometric luminosity, respectively. The theoretical prediction of the fireball phase (Starrfield et al. 2008 ) is given in red circle points connected with a solid line, to be compared with the derived upper limits, where the left and right circle-points correspond to the emission in the fireball phase of white dwarfs with respective 1.25 and 1.35 solar masses. The red triangle point is the observed value for the fireball phase on MAXI J0158−744 (Morii et al. 2013 ).
Discussion and Conclusion
If SXFs are associated precursively with optical novae, if the spectrum and flux are similar to those of MAXI J0158−744, and if the nova is located at the typical distance of 5 kpc, then MAXI/GSC should detect these flashes in high significance (see Figure 1 ), as long as the FoV of GSC covers the direction during the SXF. MAXI/GSC usually scans a specific direction every 92 minutes. Hence, the probability that MAXI/GSC detects a SXF depends on the duration of the SXF.
In our study, we performed n = 40 trials of MAXI/GSC observations for SXFs and found no detection. Statistically speaking, our experiment is a sequence of independent Bernoulli trials with a success probability of Rp
c , where R is the fraction of novae associated with SXF at the fireball phase and p (i) c is the probability for MAXI/GSC to scan the direction of the i-th nova during the search period between t d − 10 d and t d . By denoting the detection or non-detection for the i-th trial as d i = 1 or 0, respectively, the joint probability of d throughout this experiment is given by
where
c ) are vectors of the detection and the probability, respectively. Following our result of non-detection (d = 0), we calculated the upper limit for the fraction R to be in 90% confidence level, varying the duration of the SXF. In Figure 1 , the fireball phase observed on MAXI J0158−744 is located at the extension of theoretical prediction (Starrfield et al. 2008) . It supports that the SXF observed on MAXI J0158−744 is the emission from the fireball phase. The mass of the white dwarf of this source is estimated to be at least 1.35 solar mass. Furthermore, by naively drawing a straight line connecting the two points of 1.35 solar mass (the right red circle) and MAXI J0158−744 (red triangle), the crossing point between this line and the average of the lines of the upper limits implies a lower limit for the mass of white dwarfs for which the SXFs are detectable with MAXI/GSC. Assuming that the mass of MAXI J0158−744 is at the Chandrasekhar limit of white dwarfs (1.44 solar mass), the mass of a white dwarf that is located at the crossing point is estimated to be about 1.40 solar mass. Therefore, the upper limit for the fraction in Figure 2 can be alternatively interpreted as the upper limit for the population of white dwarfs in binary systems whose masses are about 1.40 solar mass or larger. The population of very massive white dwarfs is important for estimating the rate of type Ia supernovae.
Our result could give a constraint for this population.
Future observations with MAXI/GSC will detect more SXFs from novae in the fireball phases.
In addition, wide-field MAXI mission under planning (Kawai et al. 2014) would improve the detection efficiency of SXFs and would increase the sample of SXFs and very massive white dwarfs. In the light of these prospects, the theoretical study of the fireball-phase emission of novae on very massive white dwarfs, especially from 1.35 solar mass to near the Chandrasekhar limit, is encouraged.
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Both X-ray and non-X-ray backgrounds are also taken into account in this model. We name this tool the PSF-fit. The following is the detailed description of the PSF-fit.
We use event distribution in the detector coordinate rather than the sky coordinate, because the shape of a PSF is best described in the detector coordinate. In this coordinate, the shape of a PSF is given by a triangular-shaped function in the time (scan) direction, whereas that in the anode wire direction is given by a Gaussian shape (Sugizaki et al. 2011 ). The triangular shape is well calibrated (Morii, Sugimori & Kawai 2011) . The width of the Gaussian shape (sigma) depends on counters, the position of the anode direction, and the high voltage (HV; 1650V or 1550V). We calibrated this dependence by measuring the width of the Gaussian shape for the bright point sources, Crab nebula, GRS 1915+105, and Cyg X-1, for the energy bands of 2 − 4 and 4 − 10 keV. Thus, we obtained the well-calibrated PSF model.
We modeled the event distribution in the detector coordinate (t, b) of a camera (k = 0, · · · , 11;
camera IDs) as follows: cm −2 and the shape of the PSF in the unit of cm 2 mm −1 . B(t, b; k) is the shape of a background rate in the unit of counts s −1 mm −1 , for which we used a constant function in this study.
We select events from a rectangular region in the detector coordinate, where the width of time (scan) direction is determined to be three times the width of the base side of the triangular shape.
That of the anode direction is set to be 16 sigma of the Gaussian shape. As a result, these widths vary in every scan. We then add a constraint for these widths so that the rectangular region cannot exceed a circular sky region with a radius of 8 deg, which is the radius of the event extraction at the beginning of the analysis (Section 2). Figure 3 shows an example of the event distribution in the detector coordinate to be used for the PSF-fit. It is for V5586 Sgr on a scan at the modified Julian day (MJD) 55340 with a camera (ID = 0) in the 2 − 4 keV band.
We minimize the following cost function, c-stat (Cash 1979) , to calculate the fluxes of a target and nearby sources,
where A is a set of the operating cameras and E k is a set of the events detected in a camera (k). M k is an integration area for a camera (k), where the time duration of HV-off and the center of the camera in the anode direction (|b| < 4 mm) are masked out. The region of the anode edges (|b| > 130 mm) is also masked out. To speed up the calculation, we use unbinned likelihood instead of binned likelihood.
Minuit2
3 minimizer is used for minimization of the cost function. To calculate the error ranges, we calculate the likelihood interval (Cowan 1998 ) , using minos in Minuit2.
When a target is located in a crowded region like the Galactic plane, there are many various nearby sources; some sources are always bright enough to be detected by MAXI/GSC, while some are usually faint and have a potential to become bright above the threshold of MAXI/GSC sensitivity.
For almost any region in the sky, MAXI/GSC is the only X-ray detector that monitors these sources;
3 http://seal.web.cern.ch/seal/snapshot/work-packages/mathlibs/minuit/ 8 then it is impossible to determine a priori which sources are detectable and which are not. However, we must select which source is necessary to be included in the model for the PSF-fit. We approach this problem as follows.
We pick up candidates for the nearby sources to be included in the PSF-fit from the catalog used in the Nova search system (Negoro et al. 2015) . The area for picking up these candidates are the rectangular region in the detector coordinate as described above and the outer marginal region with half width of the base side of the triangular shape for the time direction and three sigma of the Gaussian shape for the anode direction. This marginal region for selecting the nearby sources is necessary to account for the contamination of PSFs of sources out of the fitting region, within which the events are extracted (Figure 3) . Figure 4 demonstrates the positions of the nearby candidate sources listed in the catalog in the example case, as well as the region for the event extraction (fitting) and outer marginal regions.
The nearby sources included in the PSF-fit (black labels in Figure 4 ) are selected with the measure of the Bayesian information criterion (BIC; Schwarz 1978) from the candidates (green labels in Figure 4) as follows. First, we fit the event distribution with the simplest model that includes only the background, and calculate the BIC. Next, we include one nearby source among all the nearby candidate sources into the model function, and fit the events with this model and calculate the BIC.
We then identify the best nearby source with the minimum BIC as the first selected nearby source.
If this minimum BIC is larger than that of the previous BIC obtained by the fit that includes only the background, which means that no nearby source is necessary to improve the fit, then the model selection for the nearby sources is completed. Otherwise, we include this source in the final model, then proceed to the next step. In the next step, we include another nearby source among the rest of the nearby sources, and repeat the above procedure. We stop this procedure when the BIC reaches the minimum. Finally, we add the target source in the final model. Figure 4 demonstrates the positions of nearby sources selected with this model selection, and these are used for the fitting process. Figure 3 . The area used for the PSF-fit is displayed as a rectangular region, which is the same area as that in Figure 3 . 2 Total Galactic HI column density toward the source as the average of the values obtained by Leiden/Argentine/Bonn (LAB) map (Kalberla et al. 2005) and DL map (Dickey & Lockman 1990) , calculated using HEASARC Web site:
http://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl 3 90%C.L. upper limit for the flux in the 2−4 keV band for each scan in the unit of 10 −2 counts s −1 cm −2 .
Average (minimum and maximum) fluxes among Ns scans are shown.
4 Number of GSC scans in the searched period.
